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contributor to water quality degradation downstream (Owen, 1997; Church and others, 1997) . Selection of the two sampled sites in the Boulder River headwaters was partly based on the fact that Nimick and Cleasby (1998) measured elevated toxic metals in both Uncle Sam Gulch and Jack Creek (which is downstream from the large Bullion mine waste piles and associated acidic drainage water from an adit).
CURRENT STUDY Schwertmannite-rich material has been identified in acidic drainage water in Colorado and Montana by XRD, spectral reflectance analysis, and leaching experiments. Table 1 gives the locations of samples, pH of water, other minerals detected in the coatings, date collected, and pH of 1:4,000 (solid: water) leachates plus the concentrations of some trace metals. The Colorado samples are from sites 2,926 m (9,600 ft.) to 3,170 m (10,400 ft.) above mean sea level; those from Montana are from sites 2,134 m (7,000 ft.) to 2,243 m (7,360 ft.) above mean sea level. National Atmospheric Deposition data for the two nearest monitoring sites for the Colorado study area and the Montana study area are given in Appendix I. All of these samples are from stream beds except A98D17 which is from a mine adit drainage. The stream samples occur in two similar environments; one is downstream from the mixing of higher pH stream water which is met by lower pH Fe-bog water, as in Cement Creek ( fig. 1) , and the other is where higher pH stream water mixing with lower pH mine waste water runoff, or mine adit drainage water, for the two Montana occurrences. Except for the 30-day samples, all were collected from rocks or boulders by scraping off the orange precipitate with a wooden "tongue depressor" and placing the sample in a sealed plastic container which was refrigerated until air drying in the laboratory. The 30 day precipitates were collected on three or four 1.5X4.0X30 cm wooden stakes at each of three sites along Cement Creek. The stakes were submerged (horizontally) downstream from Fe bogs with low pH water that emerge near stream level near Prospect Gulch. The precipitates were allowed to air dry in the laboratory before removal from the stakes. The thickness of the coatings ranged from about 2-7mm. Comparable thicknesses of schwertmannite were observed on the boulders. All samples were sieved (stainless steel) to remove pine needles, other leaves, and plant stems before weighing. Based upon the masses of schwertmannite on the measured areas of the wooden stakes placed at three sites (A98D16, A98D12, and A98D14, fig 1. ) for 30 days, we can estimate that Fe precipitation was about 370 kg d"1 in the 3.5 km stream reach studied The pH of waters from which schwertmannite-rich material was collected ranged from 3.08 to 4.25 (table 1), which is within the pH range of 2.8 to 4.5 that Bigham and others (1996b) have shown is most favorable for schwertmannitedominant precipitates.
At three sites sampled, schwertmannite-rich material collected in August, 1997 had no XRD-detectable goethite; for material collected in early September, 1998 from the same sites, all contained goethite, in addition to schwertmannite.
The amounts of Cu, Zn, As, and Pb sorbed in the schwertmannite-rich material from Cement Creek varies significantly, even for samples collected from the same three sample sites (table I). Table 2 shows the concentrations of several elements and sulfate in water and pH at four sites sampled in Cement Creek. The pH of water at site A98D18 is elevated due to upstream liming treatment of drainage water by Sunnyside Gold Corporation to remove metals by precipitation. Figure 2 shows the relations of the concentrations of these elements with respect to the Fe bog between sites 18 and 16. Data in Table 2 show that Al and Fe concentrations are four or five times higher at site A98D16 which is about 1.3 km downstream from the Fe bog (Fig. 2) . Zn is only enhanced about 20 percent but Pb is increased by about 3.5 times and Cu is increased about 2.4 times. figure 3 , Appendix III). The sums of the mmol ratios of H^SO^2 for each of the three sets of serial leaches are 3.70:1, 3.92:1, and 4.09:1, averaging 3.90:1 which is more than twice the ratio obtained by Bigham and others (1996b) . They found a ratio of 1.81:1 after 1739 days. The reason for this difference in these ratios is probably due to the fact that the leaching done here was a very short term compared with that of Bigham and others (1996b) and equilibrium was not reached in these short term leaches. In addition, adsorption of suifate onto the precipitated solid Fe phases cannot be quantified. The sum of all dissolved cations in all of the nine serial leachates is less than one mg. The sum of FT for each of the nine serial leaches of the three samples ranges from 1.938-2.248 millimoles g"1 of solid . The chemical compositions of the untreated and leached samples are given in Table 3 .
The chemical data for the three untreated samples show Fe and S are the major elements and that molar Fe:S is 6.3-6.5 which is essentially identical to the ratio (6.4) given by Bigham and others (1996b) for schwertmannite. The concentrations of sorbed Cu, Zn, and Pb are noteworthy in terms of their potential toxicity to aquatic life, if released to the water. For the sample splits leached nine times, S has been reduced in concentration and Fe has been enhanced. This can mostly be attributed to the loss of sulfate in the dissolution of schwertmannite and the retention of Fe as precipitates of XRD-amorphous ferric oxides. XRD analysis shows that schwertmannite is a major phase in the three splits leached nine times (table 2) , even though almost half of the schwertmannite was removed (dissolved), based on the dissolved sulfate in each of the leachates. The leached schwertmannite-rich samples have Fe:S in the range of 9.9-10.8 (table  3) but these values may be too high, if sulfate was adsorbed on resulting amorphous Fe oxides or remaining schwertmannite as was observed by Rose and Ghazi (1997) . Small losses in Na, Al, and Ca observed for the leached samples are not considered significant. Molar Fe:S 6.3 6.5 6.4 9.9 10.6 10.8 Table 4 shows the total amounts of Fe, Cu, Zn, Pb, and sulfate in all of the nine leachates for each split from sample A97D16. Although dissolved Fe was detected in only the first of the nine leachates of each split (with one exception), Cu, Zn, and Pb were present in all 27 leachates (Appendix II). These data demonstrate the leachability or mobility of Cu, Zn, and Pb by initial pH 5 water, even after multiple exposures to large volumes of water. The amounts of Pb in each of the first leachates of each sample ranged from 5.1-10.8 (j.g L"1 which exceeds the Class 1 Aquatic Life standard (which is 4 ug L"1 for alkalinity values of 0-100 mg L'1 ). Trace metal release is clearly important to the ultimate fate of sorbed toxic metals associated with schwertmannite-rich and amorphous ferric oxide precipitates which may release sorbed metals when exposed to unsaturated rainfall or snowmelt runoff, or if pH of water is raised by remediation. The serial leaching experiments were done to simulate the influence of relatively pure water of pH 5.0 (representative of rainfall or snowmelt runoff), on schwertmannite-rich and ferric oxide precipitates. It is important to note that these precipitates accumulate significantly at low-flow conditions of late August through October in the Animas and Boulder River headwaters. It is significant that these precipitates generate large amounts of acid in 24 h when exposed to large volumes of unsaturated water of pH of about 5. Nimmo and others (1998, p. 917) , in a study of the New World mining district (upstream from Yellowstone National Park), observed that anoxia was principally responsible for daphnid and fathead minnow mortality in 24 h for stream waters that precipitated Fe-rich phases. Dissolved oxygen concentrations were reduced by half in two h due to high chemical oxygen demand of the Fe-oxide precipitates. The study of Nimmo and others (1998) also implicated Cu as the principal element that is detrimental to trout viability and they state that "It is hypothesized that the availability of copper and metals is closely linked to fine sedimentary clays or colloids and to floodplain storage of tailings, which are mobilized, transported and deposited downstream by high flows occurring principally in the spring." They also observed that copper at sites upstream of the park boundary ranged from 7 to 11 fig L"1 in the spring of 1995 and from 3 to 9 ng L'1 in the fall of 1995.
Table 3 of this report shows that leaching of schwertmannite-rich samples from Cement Creek of one gram each, which were exposed to 18,000, 27,000, and 36,000 ml of deionized water released 11.5-13.3 \ag of Cu in nine serial leaches. Appendix II shows that the individual leaches produced Cu concentrations well below the Class 1 Aquatic Life Standards. We do not know if this might simulate spring runoff conditions, but it must be considered in light of the studies of Nimmo and others (1998) .
AMORPHOUS ORANGE PRECIPITATES
FORMED IN LESS ACIDIC WATER Two samples of Fe-rich (> 30 wt. %) X-ray diffraction-amorphous orange precipitates obtained from the Cement Creek drainage (Animas River headwaters) in the fall of 1998 had high concentrations of sorbed Cu, Zn, and Pb. Table 5 and Figure 1 shows the locations, water pH, and concentrations of Cu, Zn, and Pb in these air-dried precipitates. Although the water cannot be considered harmful with respect to acidity, the high concentrations of Cu, Zn, and Pb in the precipitates are a potential threat to downstream aquatic life if they are desorbed during spring runoff. In order to evaluate the potential mobility of some of the elements in the two Fe-rich precipitates listed in Table 5 , they were exposed to a pH of 3.66 leachate of schwertmannite A97D16 (obtained by exposure of 1 g of A97D16 to 4 L deionized water for 24 h), here called the primary leachate. Two ratios of solid:primary leachate were used, one was 1:1,000 and the other was 1:4,000; they were leached without agitation. Analysis of the primary leachate and the concentrations of selected elements in subsequent leachates of the two Fe-rich orange precipitate samples are shown in Table 6 . These results can be inferred to indicate that when the XRD-amorphous Fe-rich precipitates are flushed into the schwertmannite-rich environments of Cement Creek during spring runoff, significant amounts of metals such as Al, Cu, Cd and Zn may be desorbed from them. We do not claim that these experiments simulate natural conditions, in the absence of field tests. However, these results indicate potential toxic metal mobility for Fe-rich precipitates when they are exposed to acid-generating schwertmannite-rich solids in Cement Creek during springsummer runoff. 
SUMMARY
Schwertmannite-rich precipitates are reservoirs for acid-generating potential and toxic-metal release to aquatic environments when exposed to unsaturated water of pH 5 or higher.
Precipitation of schwertmannite, formation of amorphous colloidal Fe oxide, goethite, or fenihydrite, result in chemical depletion of dissolved oxygen that might inhibit life sustainability in aquatic environments.
Schwertmannite-rich and amorphous colloidal Fe oxides formed at low-flow stream conditions may be mobilized at high-flow stream conditions and pollute initially unsaturated snow-melt runoff by generating acidic conditions and cause mobility of sorbed toxic metals such as Cu, Zn, and Pb in downstream environments. Km downstream from site A98D18 Figure 2 . Concentrations of some metals and sulfate in water at four sites along Cement Creek. 
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